Numerous lOWMr metabolites-including creatinine, Citrate, hippurate, glucose, ketone bodies, and various amino acids-have been identified in400-and 500-MHz proton nuclear magnetic resonance (1H NMR) spectra of intact human urine. The presence of many of these was related to the specific condition of the donors: humans in different physiological states (resting, fasting, or post-exercise) and pathological conditions (e.g., diabetes mellitus, cadmium-induced renal dysfunction). We have also monitored the metabolism of simple nonendogenous compounds (methanol and ethanol) and of acetaminophen. The pH-dependencies of the NMR chemical shifts of some urine components are reported. Our studies show that high-resolution 1H NMR spectroscopy provides a fast, simple method for "fingerprint" identification of urinary compounds. In some cases, analytes can be quantified by standard additions or by comparing integrated peak areas for the metabolites with those for creatinine.
Materials and Methods

Subjects
Specimens of the first morning urine were collected from normal healthy men and women. Urine was also collected from a healthy male volunteer before and after vigorous exercise (a 1-h run). Another healthy 26-year-old male volunteer fasted for 48 h, during which he consumed only water (ad lib.) and supplied several urine specimens.
Additional urine specimens, supplied by St. Thomas's Hospital Medical School, London, were obtained from an insulin-dependent diabetic patient before and up to 12 h after voluntary insulin deprivation under controlled experimental conditions.
For two days, five male Swiss A2G mice, five weeks old, were given ad jib, food and drinking water containing 40 mL of Analar-grade methanol per liter. The mice were then killed, and we sampled urine from their bladders by syringe and arterial blood directly from the heart by cardiac puncture. The plasma was separated by centrifugation.
A clinically normal man ingested two 500-mg tablets of acetaminophen (N-acetyl-p-aminophenol)
after an overnight fast. Urine samples were collected 5 mm before and 60, 98, and 124 mm after ingestion.
Finally, we studied urine from a man known to have kidney damage after many years of industrial exposure to cadmium.
Samples
The urine was collected in glass or polypropylene tubes and either used without delay or promptly frozen in liquid nitrogen and stored at -30 #{176}C until use. Samples (0.3-0.5 mL) containing 100 mL of added 21120 per liter as an internal frequency-field lock were placed into 5-mm Alternatively, we lyophilized and redissOlved fresh urine samples in 2H20 at a 10-fold greater concentration before acquiring the spectra.
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Standards of various compounds (from Sigma Chemical
Co., Poole, U.K.) were added to urine samples in 2H20 solution to give a final concentration of about 1 mmolJL.
We also prepared in 21120 a solution of creatinine, citrate, glycine, and hippurate (about 100 mmol each per liter). We adjusted the PH" in steps from 4 to 8 with NaO2H and 2HC1 solutions (about 10 moltL each), and recorded the 'H NMR spectra at various intervals.
NMR Spectroscopy
We used Bruker AM500, WH400, and JEOL FX200 spectrometers (operating in quadrature mode at 500, 400, and 200 MHz, respectively), with a Bruker Aspect 2000 data system. All spectra were recorded at ambient probe temperature (25 ± 1 #{176}C).
The detection of weak NMR signals, such as those from urinary metabolites, in the presence of very large signals, pH", the pH-meter reading in 2H20.
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His (C2 H) such as that from the water protons (110 mol/L), can pose a serious dynamic range problem. This arisesfrom limitations in the wordlengths of both the analog-to-digital converter (ADC) and the computer memory, which together influence the time required to achieve the maximum signal-to-noise ratio (9). The WH400 and AM500 spectrometers have 12 and 16 bit ADC's, respectively; the latter provides a very large dynamic range (2 greater than that of the WH400), thus allowing the study of metabolites in urine at millimolar concentrations without the need to suppress the water signal. However, we obtained spectra with superior signalto-noiseratios by suppressing the large water signal by proton irradiation at the water frequency, either continuously or by presaturation by gated decoupling during the delay between pulses. These allowed us to increase the receiver gain for enhanced sensitivity. Alternatively, we applied a DANTE pulse train (10), consisting of 16000 pulses, each of 1-us, at 300-is intervals, at the water resonant frequency; this selectively saturates the water resonance but leaves the decoupler channel of the spectrometer free for selective irradiation.
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For some spectra we used a Hahn spin-echo sequence (11) (90 #{176}-i to 180 #{176}-T-collect), with additional water irradiation. This can aid interpretation of spectra because resonances are phase-modulated according to their multiplicity and coupling constants (12); e.g.,with r = 60 ms, singlets and triplets are upright, whereas doublets appear inverted if J = 8 Hz (r = 1/2J).
To test precision and reproducibility, we recorded the 'H NMR spectra of five identical urine samples under the same experimental conditions: 64 accumulations at 24#{176}C, a 60 pulse, a 5.7-s interval between pulses, 16 384 data points, and continuous proton irradiation at the water frequency. After adding standard amounts of valine (50 L of a 207 mmolJL solution in 21120) to each sample, we re-recorded the spectra under the same conditions. Creatinine concentrations were determined by comparing computer-integrated peak areas for the CH3 resonance of creatinine with those of the two valine CH3 resonances.
There was also a reasonable correspondence between the ratios of peak areas and peak heights when the digital resolution was high enough, i.e., when there were sufficient points per peak. Creatinine was independently determined in the same samples by the standard Jaffe reaction (13).
Results and Discussion
Normal Urine Samples Figure 1 shows a typical spectrum for urine from normal human subjects.A reasonable signal-to-noise ratio was usually achieved after as few as 48 accumulations, depending on the dilution of the urine sample. Therefore, even allowing for a long relaxation delay, we could obtain a spectrum within 5 mm. We were able to identify the source of many resonances by making standard additions of candidate compounds and by considering their chemical shifts and characteristic coupling patterns. The general description of NMR spectra is covered in many texts (e.g., reference 14) and will not be elaborated here. Creatinine, usually present in urine at millimolar concentrations (15), gives rise to two singlet 'H NMR peaks having chemical shifts of 3.07 and 4.12 parts per million (ppm) in the ratio of 3:2, corresponding to the NCH3 and CH2 protons in the molecule. These two peaks are readily identifiable in normal urine.
To assess the accuracy, reliability and precision of the NMR method, we compared our estimates of creatinine in five replicate samples of urine with those by the Jaff#{233} 
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Ha resonance peak area relative to those of added valine), the creatinine concentration was 9.98 ± 0.36 mmolJL (mean ± SEM). The corresponding result by the Jaff#{233} method was 10.2 ± 0.1 mmol/L. These NMR values are uncorrected for any overlap of signals; however, the ratio of the intensities of creatinine CH3 to CH2 resonances suggested that any error due to this would be <10%. The CV for measurement of the creatinine CH3 peak area in five replicate urine samples with no standard addition was <3%, which suggests that the largest source of error in the concentration measurement was probably the slight variations in the volume of standard added. Table 1 gives the concentrations of some of the major urine components in 13 normal human urines as measured by 'H NMR spectroscopy. As is usual for urine samples, there were considerable variations in metabolite concentrations. However, these variations were small compared with differences between subjects with normal and abnormal metabolism (see below). As 
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Exercise and Fasting
The 'H NMR spectrum of urine collected immediately after hard exercise (Figure 3a) differs from the pre-exercise spectrum in several minor ways. The major difference is a terval, with suppression of the water resonance withthe DANTE pulse sequence. Abbreviationsas in Table 1 430 CLINICAL CHEMISTRY, Vol. 30, No. 3, 1984 large increase in the characteristic methyl doublet resonance for lactate (chemical shift of 1.34 ppm) and the associated CH quartet resonance (4.14 ppm). In the 'H NMR spectrum of pre-exercise urine of this particular individual (not shown), lactate was barely detectable above the background noise, suggesting a concentration of less than 0.1 mmol/L.
Fasting
in normal subjects results in ketonuria and ketonemia, and it is accompanied by a decrease in blood glucose. Figure 3b shows a spectrum from a urine sample taken after 35 h of fasting, in which ketone bodies and other metabolites could be detected. These observations prompted us to examine urine from diabetic patients.
Diabetes
This disease state is associated with abnormally high concentrations of several lOWMr metabolites in plasma and urine, particularly the ketone bodies 3-o-hydroxybutyrate, acetoacetate, and acetone, as well as glucose (19) . All of these substances are readily detectable in urine by 'H NMR spectroscopy, and Figure 3a shows resonances for urine sampled from a diabetic patient 4 h after voluntary insulin deprivation. Approximate concentrations per liter were 3.4 mmol of 3-n-hydroxybutyrate, 3.6 mmol of acetoacetate, and 0.2 mmol of acetone (in control samples these were all <0.1 mmol) and 300 mmol of glucose. The speed and simplicity of the NMR assay, combined with its ability to quantify all three ketone bodies, make it a powerful new tool for monitoring therapy with insulin and investigating metabolic changes in diabetics.
Alcohols
We also used 'H NMR to investigate the metabolism and excretion of methanol and ethanol. Figure 4a , the 'H NMR spectrum of urine from a mouse that had been drinking a dilute methanol solution, shows a singlet resonance for the methyl protons of methanol at 3.36 ppm and another at 8.46 ppm for its main metabolite, formats. The methanol-toformate molar ratio in plasma, as measured from a spinecho 'H NMR spectrum, was >5:1, compared with about 1:1 in urine (Figure 4a ). This suggests that relatively more methanol than formate was being reabsorbed from the renal tubular ifitrate. Such results illustrate how the excretion of certain compounds and their metabolites can be simultaneously studied by 'H NMR scans of urine. As another example, we could readily detect the excretion of ethanol from a normal human subject who had ingested a small quantity of beer (Figure 4b) .
Acetaminophen
Theconvenient use of 1HNMR spectroscopy for the rapid monitoring of the major excretion products after the metabolism of a widely used drug is illustrated in Figure 5 . sulfate derivatives of acetaminophen and to the free drug.
Further studies involving 'H NMR decoupling experiments and the analysis of individual metabolites of known structure are in progress. Our current work suggests that these NMR methods will be useful in studies of the metabolism and excretion of other widely used analgesics.
Kidney Damage
Cadmium is slowly excreted by humans and accumulates particularly in the proximal renal tubules. Prolonged exposure to cadmium can result in functional and structural damage to the proximal tubules, accompanied by glycosuria, aniinoaciduria,calciuria, phosphaturia,and, in severecases, excretionof lOWMr proteins and enzymes (21) . The 'H NMR spectrumof urine from a man with known kidney damage, who had worked in the cadmium industry for many years From our studies so far, we concludethat 'H NMR spectroscopy is a useful technique for the routine study of the excretion of a wide range of metabolites and drugs.
